Abstract
Introduction
Carotid stenosis constitutes an important cause of ischemic cerebrovascular diseases. Revascularization of carotid stenosis benefits patients by preventing recurrent ischemic stroke. In recent years, driven by advancements in interventional technology and the accumulation of procedural expertise, carotid angioplasty and stenting (CAS) has become a valid approach for the treatment of carotid stenosis [1, 2] . However, little is known on change of hemodynamics after stenting despite an emerging abundance of trails based on the efficacy and safety of CAS.
Transcranial Doppler (TCD) has been widely utilized to demonstrate flow signals of large intracranial arteries. When used in conjunction with the breath-holding test, it offers a reliable method for assessing cerebrovascular reactivity (CVR). As an important dynamic indicator of the cerebral circulation, CVR is representative of the cerebrovascular reserve capacity. It can be evaluated by calculating the breath-holding index (BHI), which is assessed by the mean blood flow velocity (MFV) changes of the middle cerebral artery (MCA) after hypercapnia induced by a breath hold. The aim of this study was to explore the effect of CAS on postoperative CVR, attempting to 
Subjects and Methods

Patients
Patients undergoing CAS were enrolled between July 2008 and September 2009. Thirty-seven of 42 patients finished the followup, 26 were male and 11 were female. 3 patients were lost for follow up because of economic difficulty or emigration. There were 17 asymptomatic and 20 symptomatic patients. All the information was retrieved from Nanjing Stroke Registry System. The degree of carotid artery stenosis was measured according to the North American Symptomatic Carotid Endarterectomy Trial criteria. [3] The symptomatic patients had ipsilateral transient ischemic attack (TIA) (n = 1, 5%) and nondisabling stroke (n = 19, 95%). A further magnetic resonance imaging showed that 55% of them had ipsilateral internal carotid artery (ICA) lacunar infarction (n = 11), 40% had non-lacunar infarction (n = 8); the one with TIA had no abnormal signal in the magnetic resonance image. Among the asymptomatic patients, there were 6 patients (35%) with ipsilateral or bilateral ICA lacunar infarction, 11(65%) with no lesion. Inclusion criteria were as follows: (1) ≥50% symptomatic stenosis at the ostial ICA proved by digital subtraction angiography (DSA), with or without contralateral lesions; or ≥70% asymptomatic ostial ICA stenosis on one or both sides. Meanwhile, we recruited 30 stroke-free patients as normal controls, mean age was 64.4±10.6 years and 17 of them were male, Criteria of the control group included: (1) No stenosis at color Doppler ultrasonography, TCD, or the cervical CTA, MRA, or DSA; (2) MRI showed no acute or old infarction, and no severe ischemic changes of the brain; (3) Bilateral good temporal window for TCD.
Methods
Transcranial Doppler: Doppler examination was performed using a standard TCD system (Nicolet Companion III, Medilab, Estenfeld, Germany). The bilateral MCA was insonated with a 2.0-MHz transducer probe through the temporal window, at a depth of 60mm (56mm when bad signal); the Doppler frequency spectrum of the blood flow was then recorded. Breath holding test: the breath-hold training was performed beforehand. During the test, the patient in a supine position first took a quiet breathing for 4 to 5 minutes. When the MCA TCD frequency spectrum was detected, the probe remained in position, and the depth of the sampling volume remained stable, then patients were instructed to hold breath for about 30 seconds after a normal inspiration; the TCD frequency spectrum and the breath-holding time were recorded afterwards. Patients all took TCD breath holding tests at 1 day before, 1 to 2 days after CAS, and during follow-up. The BHI was calculated as the percentage increase in MCA mean blood velocity divided by seconds of breath-holding ( [Vbh -Vr/ Vr]×100×s-1), where Vbh was MCA mean blood velocity at the end of breath-holding, Vr the MCA mean blood velocity at rest, and s-1 per second of breath-holding.
DSA and CAS: A preoperative DSA examination was performed to determine the degree of artery stenosis, and the compensation of collateral circulation. CAS therapeutic strategy was then made according to the DSA results. DSA mainly involved angiography of the aortic arch, bilateral carotid artery, ICA and bilateral vertebral artery. The degree of carotid artery stenosis was measured according to the North American Symptomatic Carotid Endarterectomy Trial criteria [3] .
Statistical Analysis
Data were processed by SPSS 13.0 software. Categorical data were compared using χ2 test, normal distributed quantitative data were presented as mean ± SD. Repeated measures analysis of variance was used to measure the variances. Multivariate linear regression analysis was used to control the confounding factors of BHI (related symptoms, follow-up time, degree of stenosis, contralateral stenosis, number of collateral vessel, tandem stenoses, infarction area), so as to find the independent predictors for CVR. The restenosis factor is ignored because the restenosis rate was quite low (only 2 cases) in our study. A P < 0.05 is considered to be statistically significant.
Results
Characteristics of Patients
From July 2008 to September 2009, 37 patients were enrolled. The demographic data of our study population is given in table 1.
DSA Results and General Information of Follow-Up
DSA showed that all the patients had a stenosis of at least 50% on one or both sides of the ostial ICA. Of them, 21 (57%) cases had contralateral carotid stenosis, 20 (54%) cases had ipsilateral MCA or intracranial ICA stenosis (or tandem stenoses), 11 (24%) cases had contralateral MCA stenosis, and 28 (76%) had vertebrobasilar artery Eight of the 37 followed-up patients were re-hospitalized for dizziness and had a repeated DSA; another 2 cases had CAS on both sides sequentially (3 months in-between).
BHI Comparison of Preoperative, Postoperative and Follow-Up
Before CAS, all the patients had a statistically significant reduction in BHI than the normal controls (P < 0.001). The BHI of three groups (before, after CAS and during follow-up period) showed significant difference through repeated measures analysis of variance; the postoperative and follow-up BHI had a notable elevation than the preoperative group (P < 0.05). Contralateral CVR showed a gradual improvement but not reach statistical significance (0.93±0.28 vs 0.94±0.27 vs 0.95±0.25) (table 2, fig. 1 ).
Predictors for BHI during Follow-Up
The value of BHI during follow-up was differently affected by factors including the symptom, follow-up time, degree of stenosis, degree of contralateral stenosis, number of collateral vessel, tandem stenoses, infarction area, and so on. Multivariate linear regression analysis with stepwise method showed that the follow-up BHI values were positively correlated with CAS procedure (β = 1.030, P < 0.001), whereas negatively correlated with tandem stenoses (β = -0.016, P = 0.002).
Discussion
Atherosclerotic carotid artery stenosis is a main cause of TIA and cerebral infarction, which accounts for about 20% of ischemic events. It has the highest recurrence rate compared to other types of ischemic stroke. Effective interventional approach and medical therapy are essential by reducing the stroke incidence. Carotid artery stenosis may result in embolic events in distal branches and hemodynamic disorder. Reduced hemodynamics leads to incomplete washout, and dilation in distal capillary vessel, then an impaired vasodilatory reserve, demonstrating a decreased or vanished CVR. CVR is an important cerebral hemodynamic indicator; it is predictive for prognosis and recurrence of ischemic cerebrovascular diseases. So it is meaningful to detect CVR in clinical work. The 2003 American guideline for perfusion imaging recommended the XeCT perfusion imaging with an acetazolamide challenge to screen chronic ischemic patients at high risk of recurrent cerebral infarction [4] . Powers found a strong relation of oxygen extraction fraction (OEF) with CVR, and OEF > 0.52 predicts reduced CVR, which means the risk of brain infarction is twice higher than normal [5] . At the same time, other studies demonstrated that severely impaired CVR was an independent predictor of recurrent ipsilateral TIA or infarction in MCA region [6] . TCD is a relative easy, quick and reliable way to evaluate CVR. An assessment of TCD from American academy of neurology pointed out that in patients with asymptomatic extracranial carotid artery occlusion, a BHI of < 0.69 indicated impaired CVR and identified patients at risk for TIA and stroke [7] . Our study also showed that patients with moderate and severe carotid artery stenosis had a lower CVR compared to the contralateral and the control, indicating hemodynamic impairment and a potential benefit from CAS. Meanwhile, we observed a slight decrease in the contralateral CVR, probably owing to collateral flow compensation for the stenotic side.
CAS is performed mainly to prevent thromboembolic complications by stabilizing the ulcerated plaque; additionally, it normalizes cerebral hemodynamics by increasing the lumen diameter and providing a better cerebral irrigation. Markus et al. demonstrated that similar to carotid endarterectomy, carotid balloon dilation distinctly improved the ipsilateral CVR [8] . Sanchez-Arjona et al. showed that CVR was immediately improved after CAS, and maintained at 30 days after the procedure [9] . Brcic et al. found that the value of BHI was lower on the contralateral one day after stenting, but no significant difference was observed one month later, interpreted as one month of capillary bed adaptation to the dilated cerebral vessel. These showed that CAS can immediately improve the ipsilateral CVR after CAS, and reach normal value gradually. This was probably attributed to a recovery of normal diameter and a better cerebral irrigation, and therefore a normalized vasomotion function, eventually resulting in a notable increase of CVR within a short time. However, there would be no significant improvement of blood perfusion and vasomotion function over time, besides, the previous collateral vessel would regress, which all led to an unobvious change in CVR during follow-up. Our study demonstrated that CVR was markedly elevated after the procedure, but not evidently changed during follow-up, indicating that CAS can immediately improve CVR postoperatively, but can't make obviously further improvement over time.
Moreover, our study showed that the higher BHI after the procedure, the higher it would be during follow-up; while patients with tandem stenoses had lower BHI during follow-up. CVR can be affected by stenosis of either intracranial ICA or MCA. The conclusion drawn from multiple regression analysis may have bias due to a limited number of cases, selective bias (such as a relative mild symptom of patients undergoing CAS, a relative small area of infarction) as well as a small number and a mild degree of tandem stenoses and contralateral carotid artery stenosis.
In conclusion, CAS can improve the ipsilateral CVR after the procedure, and can also slightly increase the contralateral CVR; the higher BHI postoperatively, the higher it would be afterwards, while the more severe tandem stenoses, the lower BHI eventually. But due to a limited number of cases and a relative short time of follow-up, the long term impact of CAS still needs further study.
